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Rice (Oryza sativa L) is a daily staple food crop for more than half of the global population and improving

productivity is an important task to meet future demands of the expanding world population. Application of nitrogen

(N) fertilization improved rice growth and productivity in the world, but excess use causes environmental and

economic issues. One of the main goals of rice breeding is reducing N fertilization while maintaining productivity.

Therefore, enhancing rice nitrogen use efficiency (NUE) is essential for the development of sustainable agriculture

and has become urgently needed. Many studies have been conducted on the main steps in the use of N including

uptake and transport, reduction and assimilation, and translocation and remobilization, and on transcription factors

regulating N metabolism. Understanding of these complex processes provides a base for the development of novel

strategies to improve NUE for rice productivity under varying N conditions.

rice  nitrogen use efficiency  fertilization  productivity

1. Introduction

Rice is one of the major cereal grains to feed half of the world’s population as a key nutritional source .

Accordingly, improving the production of rice is indispensable to satisfy the rising demands driven by population

growth. The global population is expected to reach 10 billion, which will require a 70–100% increase in global crop

production by 2050 . The macronutrient N is an essential element for all living organisms because the synthesis

of numerous vital biomolecules such as amino acids, proteins, nucleic acids, chlorophyll, and some plant hormones

relies on N availability . Thus, the application of N fertilizer has become a major factor responsible for the

increase in crop yield over the past five decades, whereas excess usage of fertilization has caused serious

environmental and economic issues . The average nitrogen use efficiency (NUE) in crops is about 40–50% of the

applied N, while the rest of the applied N is lost and enters the environments as N pollution . The unutilized N

causes water and air pollution affecting health, damage to biodiversity. The production of N fertilizer produced by

the Haber–Bosch process requires a high amount of energy and contributes to greenhouse gas and then to climate

change . Besides, it represents increasing farmers’ economic costs .

Improvement of NUE is one of the main objectives of breeding for rice that efficiently uptakes, assimilates, and

remobilizes all available N resources . Rice cultivars with high NUE are not only expected to increase grain yield

but also to reduce environmental costs and facilitate low-input sustainable rice cultivation. Consequently,

understanding the various processes of N metabolism is critical for increasing NUE.

2. N Assimilation and Reutilization
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Assimilation of ammonium and utilization is a complex and tightly regulated process for rice biomass production

and grain yield . After nitrate is absorbed into roots, it is first reduced to nitrite by nitrate reductase (NR) in the

cytoplasm, and then nitrite is further reduced to ammonium by nitrite reductase (NiR) in the plastids

. OsNR2 encoding a NAD(P)H-dependent nitrate reductase (NR), was isolated as the master gene causing

differences in nitrate assimilation and NUE between the indica and japonica rice . Variations

in indica and japonica OsNR2 alleles result in structurally distinct OsNR2 proteins, with higher NR activity in indica,

conferring increased effective tiller number, grain yield, and NUE compared to japonica rice . The ammonium

from nitrate reduction and ammonium uptake by OsAMTs is assimilated into amino acid via the glutamine

synthetase (GS)/glutamine-2-oxoglutarate aminotransferase (GOGAT) cycle (Figure 1 and Table 2) .

2.1. Glutamine Synthetase

GS catalyzes an ATP-dependent conversion of glutamate (Glu) to glutamine (Gln) using ammonium and plays an

essential role in the N metabolism. In rice, there are several homologous genes for the cytosolic GS

(OsGS1;1, OsGS1;2, and OsGS1;3) and one chloroplastic gene (OsGS2) . OsGS1;1 is expressed in all organs

and especially highly expressed in the leaf blade. Its disruption results in severe retardation of growth rate and

lower grain productivity . OsGS1;1 plays a critical role in maintaining the metabolic balance of rice plants grown

under ammonium as an N source . In addition, N assimilation by OsGS1;1 affects plastid development in rice

roots . The overexpression of OsGS1;1 or OsGS1;2 did not increase the grain yield or total amino acids in seeds

.

OsGS1;2 is mainly expressed in the surface cells of roots that are responsible for the primary assimilation of

ammonium . Metabolic disorders caused by the lack of GS1;2 lead to a severe reduction of the number of active

tiller and grain yield . OsGS1;3 was exclusively expressed in the spikelet, but its functional role for N

assimilation is still unknown . OsGS2 isoform is abundant in the leaf and OsGS2 is primarily responsible for re-

assimilation of ammonium produced from photorespiration in chloroplasts and assimilation in plastids of ammonium

deriving from nitrate reduction . The overexpression of OsGS2 enhanced photoprotection and thereby

enhanced tolerance to abiotic stresses .

2.2. Glutamate Synthetase

GOGAT yields two molecules of Glu by transferring the amine group of the amide side chain of Gln to 2-

oxoglutarate (2-OG) . Subsequently, one Glu molecule serves as a substrate for GS, while the other is used for

transport, storage, or further amino acid metabolism. There are two types of GOGAT using either reduced

ferredoxin (Fd-GOGAT) or NADH (NADH-GOGAT) as an electron donor. In rice, there are two NADH-type GOGATs

and one Fd-GOGAT . OsNADH-OsGOAT1 is mainly expressed in the roots after the supply of ammonium ,

and OsNADH-OsGOAT1 knockout mutant displays decreased grain yield in paddy field due to the reduced number

of active tillers . According to similarities in their expression patterns and the phenotypes of their knockout

mutants, it was suggested that OsNADH-OsGOAT1 and OsGS1;2 both contribute to the primary assimilation of

ammonium in rice roots . Enhanced expression of OsNADH-OsGOAT1 was shown to increase N uptake and N
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remobilization efficiency, but the OsNADH-OsGOAT1 overexpressing plants displayed poor growth benefits and

reduced grain yield when grown in paddy field, which revealed some unbalanced use of N . Nevertheless, the

concomitant overexpression of both OsNADH-OsGOAT1 and OsAMT1;2 conferred enhanced NUE and better

grain yield under N limiting growth conditions, which can provide a technical solution for plant performances under

nitrate limiting conditions .

OsNADH-GOGAT2 is expressed mainly in fully expanded leaf blade and sheath. Defects in OsNADH-

GOGAT2 caused a remarkable reduction in spikelet number/panicle and grain yield and whole plant biomass .

OsNADH-GOGAT2 along with OsGS1;1 could be important in the remobilization of N during the senescence stage

. OsFd-GOGAT is mainly expressed in the chloroplasts of green tissues as well as the mature leaf blade and

sheath and plays a major role in photorespiratory ammonium assimilation . Mutation of OsFd-GOGAT led to

premature leaf senescence and disturbed C/N balance .

2.3. Asparagine Synthetase, Glutamate Dehydrogenase, and Aspartate
Aminotransferase

In addition to GS/GOGAT, several enzymes including asparagine synthetase (ASN), glutamate dehydrogenase

(GDH), and aspartate aminotransferase (AAT) were characterized to play important roles in N metabolism (Figure

1 and Table 1) .

Asparagine (Asn) and Gln are the major N forms in phloem sap and play a critical role in dynamic N recycling 

. Asparagine synthetase (ASN) can produce asparagine by transferring the amide group from glutamine to

aspartate. In Arabidopsis, labeling suggested that asparagine could be synthesized directly using ammonium as an

N donor . In rice, there are two ASN genes, OsASN1 and OsASN2 . OsASN1 is mainly expressed in roots in

an ammonium-dependent manner, whereas OsASN2 expression is decreased under ammonium supply .

Disruption of OsASN1 leads to decreased N uptake and increased sensitivity to N limitation at the seedling stage. It

displays reduced grain protein content and productivity, whereas the opposite tendencies are observed in

overexpressing lines . The mitochondrial NADH-dependent GDH catalyzes the reversible conversion of Glu to 2-

OG and ammonia . Three OsNADH-GDH genes are differentially expressed in various organs depending on N

availability , but their roles remain unknown. AAT is involved in N and C metabolisms and catalyzes the

reversible transamination of aspartate (Asp) to 2-OG, yielding Glu and oxaloacetate (OA) . The overexpression

of OsAAT1 and OsAAT2 resulted in altered N metabolism and increased amino acid content in seeds .

Table 1. Transporters and enzymes associated with N metabolic steps.
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Gene Name Locus Number Phenotype Observed References

OsNPF4.1/SP1 LOC_Os11g12740
Ko : Defective in rice panicle elongation and the

short-panicle phenotype

OsNPF8.9/OsNRT1.1 LOC_Os03g13274
OX : Increased biomass under various N

supplies
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Gene Name Locus Number Phenotype Observed References

OsNPF7.3/OsPTR6 LOC_Os04g50950

OX: Increased growth by N accumulation but
decreased NUE  under high NH  supply

OX: Enhanced NUE in paddy field

RNAi : Decreased amino acids accumulation
and plant growth

OsNPF8.20/OsPTR9 LOC_Os06g49250

OX: Enhanced N uptake, promotion of lateral
root formation, and increased grain yield

Ko & RNAi: The opposite effects of OX

OsNPF2.2/OsPTR2 LOC_Os12g44100
Ko: Reduction in root-to-shoot nitrate transport

and abnormal vasculature development

OsNPF2.4 LOC_Os03g48180

OX: Enhanced nitrate acquisition and upward
transfer to shoot

Ko: The opposite effects of OX

OsNPF6.5/NRT1.1B LOC_Os10g40600 NIL , OX: Increased grain yield and NUE

OsNPF7.2 LOC_Os02g47090
Ko & RNAi: Retarded growth under high nitrate

supply

OsNPF8.1/OsPTR7 LOC_Os01g04950
Ko: Less accumulation of dimethyarsinate in rice

grain

OsNPF7.7 LOC_Os10g42870
OX: Improved N influx in root, grain yield, and

NUtE

OsNRT1.1A/OsNPF6.3 LOC_Os08g05910

OX: Early maturation and improved N utilization
and grain yield

Ko: Reduced N utilization and late flowering

OsNPF6.1 LOC_Os01g01360
NIL: Enhancement of N uptake, NUE, and grain

yield under low N supply

OsNRT2.3a LOC_Os01g50820
RNAi: Defect in long-distance nitrate transport

from root to shoot

OsNRT2.3b LOC_Os01g50820 OX: Improved growth and NUE

OsNRT2.1 LOC_Os02g02170 OX: Fast growth under nitrate supply, but no
increase in nitrate uptake

OX by OsNAR2.1 promoter: Increased grain
yield and NUE

5
4

+
[39][40]

[41]
3

[42]

[43]

[44]

4 [45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]



Nitrogen Use Efficiency in Rice | Encyclopedia.pub

https://encyclopedia.pub/entry/9193 5/12

Gene Name Locus Number Phenotype Observed References

OX: Increased grain yield and grain Mn under
alternating wet and dry condition

OX: Enhanced the nitrate-dependent root
elongation

OsCLC1 LOC_Os01g65500
OX: Enhanced salt tolerance and grain yield

Ko: The opposite effects of OX

OsAMT1;1 LOC_Os04g43070

Ko: Decreased N uptake and the growth of roots
and shoots

OX: Improved NUE and grain yield

OX: Decreased biomass at early stages of
growth

OsAMT1;2 LOC_Os02g40730
Ac: Increased tolerance to N limitation at the

seedling stage, but decreased grain yield

OsAMT1;3 LOC_Os02g40710
OX: Decreased growth with poor N uptake ability

with a higher leaf C/N ratio

OsDUR3 LOC_Os10g42960 Ko: Decreased grain filling and grain yield

OsAAP6 LOC_Os01g65670 NIL, OX: Increased grain protein content

OsAAP3 LOC_Os06g36180

OX: Decrease in tiller number and grain yield

Ko: Increased grain yield due to increased bud
outgrowth and numbers of tillers

OsAAP5 LOC_Os01g65660
OX: Less tiller number and grain yield

RNAi: Increase in tiller number and grain yield

OsAAP1 LOC_Os07g04180

OX: Increased, growth, tillering, and grain yield,
higher concentrations of amino acids

Ko: Inhibition of axillary bud outgrowth and
reduced tiller number

Ko & RNAi: The opposite effects of OX

OsAAP4 LOC_Os12g09300 OX: Increased rice tillering and grain yield

OsLHT1 LOC_
Os08g03350

Ko: Reduced amino acids uptake and allocation,
growth inhibition, and low yield

OsNR2 LOC_Os02g53130 NIL: Increased effective tiller number, grain
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 Knockout mutants by T-DNA or Tos17 insertion.  Overexpressing transgenic lines driven by

maize Ubiquitin or CAMV 35S promoter.  Knockdown lines by RNA interference.  Japonica cultivars

References

1. Shin, D.; Lee, S.; Kim, T.H.; Lee, J.H.; Park, J.; Lee, J.; Lee, J.Y.; Cho, L.H.; Choi, J.Y.; Lee, W.; et
al. Natural variations at the Stay-Green gene promoter control lifespan and yield in rice cultivars.
Nat. Commun. 2020, 11, 2819.

2. Huang, S.; Zhao, C.; Zhang, Y.; Wang, C. Nitrogen use efficiency in rice. In Nitrogen in Agriculture
—Updates; Amanullah, Fahad, S., Eds.; IntechOpen: London, UK, 2017; pp. 188–208.

3. Fukushima, A.; Kusano, M. A network perspective on nitrogen metabolism from model to crop
plants using integrated ‘omics’ approaches. J. Exp. Bot. 2014, 65, 5619–5630.

4. Fox, T.; DeBruin, J.; Haug Collet, K.; Trimnell, M.; Clapp, J.; Leonard, A.; Li, B.; Scolaro, E.;
Collinson, S.; Glassman, K.; et al. A single point mutation in Ms44 results in dominant male
sterility and improves nitrogen use efficiency in maize. Plant Biotechnol. J. 2017, 15, 942–952.

5. Mandal, V.K.; Sharma, N.; Raghuram, N. Molecular targets for improvement of crop nitrogen use
efficiency: Current and emerging options. Engineering nitrogen utilization in crop plants. In

Gene Name Locus Number Phenotype Observed References
yield, and NUE

OsGS1;1 LOC_Os02g50240

Ko: Reduction in growth rate and grain yield

Ko: Overaccumulation of free ammonium in the
leaf sheath and roots

Ko: Abnormal sugar and organic N accumulation

OX: Decreases in grain yield and total amino
acids in seeds

OsGS1;2 LOC_Os03g12290

OX: Reduction in grain yield and total amino
acids in seeds

Ko: Reduction in active tiller number and grain
yield

OsGS2 LOC_Os04g56400
OX: Enhancement of photorespiration and

tolerance to salt stress

OsNADH-GOGAT1 LOC_Os01g48960

Ko: Inhibition of the root elongation by NH ,
reduction in tiller number and grain yield

Ac: Increased N uptake and remobilization, but a
reduction in grain productivity

OsNADH-GOGAT2 LOC_Os05g48200
Ko: Reduction in Productivity Via Decrease of

Spikelet Number

OsFd-GOGAT LOC_Os07g46460

Ko: Premature leaf senescence and reduced
grain yield with higher GPC

Ko: Accumulation of an excessive amount of
amino acids with disturbed C/N balance

OsASN1 LOC_Os03g18130

Ko: Reduction in free asparagine content in
roots and xylem sap

Ko: Decreased N uptake and grain yield

OX: Enhanced tolerance and grain yield under N
limitation

OsAAT1 LOC_Os02g55420
OX: Increased amino acid content in seeds

OsAAT2 LOC_Os01g55540

[12]

[13]

[14]

[15]

[15]

[16][17][18]

[20]

4
+

[22]

[24]

[9]

[25]

[26]

[32]

[33]

[28]

1 2

3 4



Nitrogen Use Efficiency in Rice | Encyclopedia.pub

https://encyclopedia.pub/entry/9193 7/12

harboring indica allele.  Nitrogen Use efficiency.Engineering Nitrogen Utilization in Crop Plant; Shrawat, A., Zayed, A., Lightfoot, D.A., Eds.;
Springer: New York, NY, USA, 2018; pp. 77–93.

6. Masclaux-Daubresse, C.; Daniel-Vedele, F.; Dechorgnat, J.; Chardon, F.; Gaufichon, L.; Suzuki,
A. Nitrogen uptake, assimilation and remobilization in plants: Challenges for sustainable and
productive agriculture. Ann. Bot. 2010, 105, 1141–1157.

7. Vinod, K.K.; Heuer, S. Approaches towards nitrogen-and phosphorus-efficient rice. AoB Plants
2012, 2012, pls028.

8. Cho, Y.I.; Jiang, W.; Chin, J.H.; Piao, Z.; Cho, Y.G.; McCouch, S.; Koh, H.J. Identification of QTLs
associated with physiological nitrogen use efficiency in rice. Mol. Cells 2007, 23, 72–79.

9. Tamura, W.; Kojima, S.; Toyokawa, A.; Watanabe, H.; Tabuchi-Kobayashi, M.; Hayakawa, T.;
Yamaya, T. Disruption of a Novel NADH-Glutamate Synthase2 Gene Caused Marked Reduction
in Spikelet Number of Rice. Front. Plant Sci. 2011, 2, 57.

10. Gao, Z.; Wang, Y.; Chen, G.; Zhang, A.; Yang, S.; Shang, L.; Wang, D.; Ruan, B.; Liu, C.; Jiang,
H.; et al. The indica nitrate reductase gene OsNR2 allele enhances rice yield potential and
nitrogen use efficiency. Nat. Commun. 2019, 10, 5207.

11. Xu, G.; Fan, X.; Miller, A.J. Plant nitrogen assimilation and use efficiency. Annu. Rev. Plant Biol.
2012, 63, 153–182.

12. Tabuchi, M.; Sugiyama, K.; Ishiyama, K.; Inoue, E.; Sato, T.; Takahashi, H.; Yamaya, T. Severe
reduction in growth rate and grain filling of rice mutants lacking OsGS1;1, a cytosolic glutamine
synthetase1;1. Plant J. 2005, 42, 641–651.

13. Kusano, M.; Tabuchi, M.; Fukushima, A.; Funayama, K.; Diaz, C.; Kobayashi, M.; Hayashi, N.;
Tsuchiya, Y.N.; Takahashi, H.; Kamata, A.; et al. Metabolomics data reveal a crucial role of
cytosolic glutamine synthetase 1;1 in coordinating metabolic balance in rice. Plant J. 2011, 66,
456–466.

14. Kusano, M.; Fukushima, A.; Tabuchi-Kobayashi, M.; Funayama, K.; Kojima, S.; Maruyama, K.;
Yamamoto, Y.Y.; Nishizawa, T.; Kobayashi, M.; Wakazaki, M.; et al. Cytosolic GLUTAMINE
SYNTHETASE1;1 Modulates Metabolism and Chloroplast Development in Roots. Plant Physiol.
2020, 182, 1894–1909.

15. Cai, H.; Zhou, Y.; Xiao, J.; Li, X.; Zhang, Q.; Lian, X. Overexpressed glutamine synthetase gene
modifies nitrogen metabolism and abiotic stress responses in rice. Plant Cell Rep. 2009, 28, 527–
537.

16. Funayama, K.; Kojima, S.; Tabuchi-Kobayashi, M.; Sawa, Y.; Nakayama, Y.; Hayakawa, T.;
Yamaya, T. Cytosolic glutamine synthetase1;2 is responsible for the primary assimilation of
ammonium in rice roots. Plant Cell Physiol. 2013, 54, 934–943.

5



Nitrogen Use Efficiency in Rice | Encyclopedia.pub

https://encyclopedia.pub/entry/9193 8/12

17. Ohashi, M.; Ishiyama, K.; Kojima, S.; Kojima, M.; Sakakibara, H.; Yamaya, T.; Hayakawa, T. Lack
of Cytosolic Glutamine Synthetase1;2 Activity Reduces Nitrogen-Dependent Biosynthesis of
Cytokinin Required for Axillary Bud Outgrowth in Rice Seedlings. Plant Cell Physiol. 2017, 58,
679–690.

18. Ohashi, M.; Ishiyama, K.; Kusano, M.; Fukushima, A.; Kojima, S.; Hanada, A.; Kanno, K.;
Hayakawa, T.; Seto, Y.; Kyozuka, J.; et al. Lack of cytosolic glutamine synthetase1;2 in vascular
tissues of axillary buds causes severe reduction in their outgrowth and disorder of metabolic
balance in rice seedlings. Plant J. 2015, 81, 347–356.

19. Thomsen, H.C.; Eriksson, D.; Møller, I.S.; Schjoerring, J.K. Cytosolic glutamine synthetase: A
target for improvement of crop nitrogen use efficiency? Trends Plant Sci. 2014, 19, 656–663.

20. Hoshida, H.; Tanaka, Y.; Hibino, T.; Hayashi, Y.; Tanaka, A.; Takabe, T.; Takabe, T. Enhanced
tolerance to salt stress in transgenic rice that overexpresses chloroplast glutamine synthetase.
Plant Mol. Biol. 2000, 43, 103–111.

21. Konishi, N.; Ishiyama, K.; Beier, M.P.; Inoue, E.; Kanno, K.; Yamaya, T.; Takahashi, H.; Kojima, S.
Contributions of two cytosolic glutamine synthetase isozymes to ammonium assimilation in
Arabidopsis roots. J. Exp. Bot. 2017, 68, 613–625.

22. Tamura, W.; Hidaka, Y.; Tabuchi, M.; Kojima, S.; Hayakawa, T.; Sato, T.; Obara, M.; Kojima, M.;
Sakakibara, H.; Yamaya, T. Reverse genetics approach to characterize a function of NADH-
glutamate synthase1 in rice plants. Amino Acids 2010, 39, 1003–1012.

23. Yamaya, T.; Kusano, M. Evidence supporting distinct functions of three cytosolic glutamine
synthetases and two NADH-glutamate synthases in rice. J. Exp. Bot. 2014, 65, 5519–5525.

24. Lee, S.; Marmagne, A.; Park, J.; Fabien, C.; Yim, Y.; Kim, S.J.; Kim, T.H.; Lim, P.O.; Masclaux-
Daubresse, C.; Nam, H.G. Concurrent activation of OsAMT1;2 and OsGOGAT1 in rice leads to
enhanced nitrogen use efficiency under nitrogen limitation. Plant J. 2020, 103, 7–20.

25. Yang, X.; Nian, J.; Xie, Q.; Feng, J.; Zhang, F.; Jing, H.; Zhang, J.; Dong, G.; Liang, Y.; Peng, J.;
et al. Rice Ferredoxin-Dependent Glutamate Synthase Regulates Nitrogen-Carbon Metabolomes
and Is Genetically Differentiated between japonica and indica Subspecies. Mol. Plant 2016, 9,
1520–1534.

26. Zeng, D.D.; Qin, R.; Li, M.; Alamin, M.; Jin, X.L.; Liu, Y.; Shi, C.H. The ferredoxin-dependent
glutamate synthase (OsFd-GOGAT) participates in leaf senescence and the nitrogen
remobilization in rice. Mol. Genet. Genom. 2017, 292, 385–395.

27. Gaufichon, L.; Reisdorf-Cren, M.; Rothstein, S.J.; Chardon, F.; Suzukia, A. Biological functions of
asparagine synthetase in plants. Plant Sci. 2010, 179, 141–153.

28. Zhou, Y.; Cai, H.; Xiao, J.; Li, X.; Zhang, Q.; Lian, X. Over-expression of aspartate
aminotransferase genes in rice resulted in altered nitrogen metabolism and increased amino acid



Nitrogen Use Efficiency in Rice | Encyclopedia.pub

https://encyclopedia.pub/entry/9193 9/12

content in seeds. Theor. Appl. Genet. 2009, 118, 1381–1390.

29. Hayashi, H.; Chino, M. Chemical composition of phloem sap from the upper most internode of the
rice plant. Plant Cell Physiol. 1990, 31, 247–251.

30. Lea, P.J.; Sodek, L.; Parry, M.A.J.; Shewry, P.R.; Halford, N.G. Asparagine in plants. Ann. Appl.
Biol. 2007, 150, 1–26.

31. Masclaux-Daubresse, C.; Reisdorf-Cren, M.; Pageau, K.; Lelandais, M.; Grandjean, O.;
Kronenberger, J.; Valadier, M.H.; Feraud, M.; Jouglet, T.; Suzuki, A. Glutamine synthetase-
glutamate synthase pathway and glutamate dehydrogenase play distinct roles in the sink-source
nitrogen cycle in tobacco. Plant Physiol. 2006, 140, 444–456.

32. Ohashi, M.; Ishiyama, K.; Kojima, S.; Konishi, N.; Nakano, K.; Kanno, K.; Hayakawa, T.; Yamaya,
T. Asparagine synthetase1, but not asparagine synthetase2, is responsible for the biosynthesis of
asparagine following the supply of ammonium to rice roots. Plant Cell Physiol. 2015, 56, 769–778.

33. Lee, S.; Park, J.; Lee, J.; Shin, D.; Marmagne, A.; Lim, P.O.; Masclaux-Daubresse, C.; An, G.;
Nam, H.G. OsASN1 Overexpression in Rice Increases Grain Protein Content and Yield under
Nitrogen-Limiting Conditions. Plant Cell Physiol. 2020, 61, 1309–1320.

34. Fontaine, J.X.; Tercé-Laforgue, T.; Armengaud, P.; Clément, G.; Renou, J.P.; Pelletier, S.;
Catterou, M.; Azzopardi, M.; Gibon, Y.; Lea, P.J.; et al. Characterization of a NADH-dependent
glutamate dehydrogenase mutant of Arabidopsis demonstrates the key role of this enzyme in root
carbon and nitrogen metabolism. Plant Cell 2012, 24, 4044–4065.

35. Qiu, X.; Xie, W.; Lian, X.; Zhang, Q. Molecular analyses of the rice glutamate dehydrogenase
gene family and their response to nitrogen and phosphorous deprivation. Plant Cell Rep. 2009,
28, 1115–1126.

36. Li, S.; Qian, Q.; Fu, Z.; Zeng, D.; Meng, X.; Kyozuka, J.; Maekawa, M.; Zhu, X.; Zhang, J.; Li, J.;
et al. Short panicle1 encodes a putative PTR family transporter and determines rice panicle size.
Plant J. 2009, 58, 592–605.

37. Lin, C.M.; Koh, S.; Stacey, G.; Yu, S.M.; Lin, T.Y.; Tsay, Y.F. Cloning and functional
characterization of a constitutively expressed nitrate transporter gene, OsNRT1, from rice. Plant
Physiol. 2000, 122, 379–388.

38. Fan, X.; Feng, H.; Tan, Y.; Xu, Y.; Miao, Q.; Xu, G. A putative 6-transmembrane nitrate transporter
OsNRT1.1b plays a key role in rice under low nitrogen. J. Integr. Plant Biol. 2016, 58, 590–599.

39. Ouyang, J.; Cai, Z.; Xia, K.; Wang, Y.; Duan, J.; Zhang, M. Identification and analysis of eight
peptide transporter homologs in rice. Plant Sci. 2010, 179, 374–382.

40. Fan, X.; Xie, D.; Chen, J.; Lu, H.; Xu, Y.; Ma, C.; Xu, G. Over-expression of OsPTR6 in rice
increased plant growth at different nitrogen supplies but decreased nitrogen use efficiency at high



Nitrogen Use Efficiency in Rice | Encyclopedia.pub

https://encyclopedia.pub/entry/9193 10/12

ammonium supply. Plant Sci. 2014, 227, 1–11.

41. Fang, Z.; Bai, G.; Huang, W.; Wang, Z.; Wang, X.; Zhang, M. The Rice Peptide Transporter
OsNPF7.3 Is Induced by Organic Nitrogen, and Contributes to Nitrogen Allocation and Grain
Yield. Front. Plant Sci. 2017, 8, 1338.

42. Fang, Z.; Xia, K.; Yang, X.; Grotemeyer, M.S.; Meier, S.; Rentsch, D.; Xu, X.; Zhang, M. Altered
expression of the PTR/NRT1 homologue OsPTR9 affects nitrogen utilization efficiency, growth
and grain yield in rice. Plant Biotechnol. J. 2013, 11, 446–458.

43. Li, Y.; Ouyang, J.; Wang, Y.Y.; Hu, R.; Xia, K.; Duan, J.; Wang, Y.; Tsay, Y.F.; Zhang, M. Disruption
of the rice nitrate transporter OsNPF2.2 hinders root-to-shoot nitrate transport and vascular
development. Sci. Rep. 2015, 5, 9635.

44. Xia, X.; Fan, X.; Wei, J.; Feng, H.; Qu, H.; Xie, D.; Miller, A.J.; Xu, G. Rice nitrate transporter
OsNPF2.4 functions in low-affinity acquisition and long-distance transport. J. Exp. Bot. 2015, 66,
317–331.

45. Hu, B.; Wang, W.; Ou, S.; Tang, J.; Li, H.; Che, R.; Zhang, Z.; Chai, X.; Wang, H.; Wang, Y.; et al.
Variation in NRT1.1B contributes to nitrate-use divergence between rice subspecies. Nat. Genet.
2015, 47, 834–838.

46. Hu, R.; Qiu, D.; Chen, Y.; Miller, A.J.; Fan, X.; Pan, X.; Zhang, M. Knock-Down of a Tonoplast
Localized Low-Affinity Nitrate Transporter OsNPF7.2 Affects Rice Growth under High Nitrate
Supply. Front. Plant Sci. 2016, 7, 1529.

47. Tang, Z.; Chen, Y.; Chen, F.; Ji, Y.; Zhao, F.J. OsPTR7 (OsNPF8.1), a Putative Peptide
Transporter in Rice, is Involved in Dimethylarsenate Accumulation in Rice Grain. Plant Cell
Physiol. 2017, 58, 904–913.

48. Huang, W.; Bai, G.; Wang, J.; Zhu, W.; Zeng, Q.; Lu, K.; Sun, S.; Fang, Z. Two Splicing Variants
of OsNPF7.7 Regulate Shoot Branching and Nitrogen Utilization Efficiency in Rice. Front. Plant
Sci. 2018, 9, 300.

49. Wang, W.; Hu, B.; Yuan, D.; Liu, Y.; Che, R.; Hu, Y.; Ou, S.; Liu, Y.; Zhang, Z.; Wang, H.; et al.
Expression of the nitrate transporter gene OsNRT1.1A/OsNPF6.3 confers high yield and early
maturation in rice. Plant Cell 2018, 30, 638–651.

50. Tang, W.; Ye, J.; Yao, X.; Zhao, P.; Xuan, W.; Tian, Y.; Zhang, Y.; Xu, S.; An, H.; Chen, G.; et al.
Genome-wide associated study identifies NAC42-activated nitrate transporter conferring high
nitrogen use efficiency in rice. Nat. Commun. 2019, 10, 5279.

51. Tang, Z.; Fan, X.; Li, Q.; Feng, H.; Miller, A.J.; Shen, Q.; Xu, G. Knockdown of a rice stelar nitrate
transporter alters long-distance translocation but not root influx. Plant Physiol. 2012, 160, 2052–
2063.



Nitrogen Use Efficiency in Rice | Encyclopedia.pub

https://encyclopedia.pub/entry/9193 11/12

52. Fan, X.; Tang, Z.; Tan, Y.; Zhang, Y.; Luo, B.; Yang, M.; Lian, X.; Shen, Q.; Miller, A.J.; Xu, G.
Overexpression of a pH-sensitive nitrate transporter in rice increases crop yields. Proc. Natl.
Acad. Sci. USA 2016, 113, 7118–7123.

53. Katayama, H.; Mori, M.; Kawamura, Y.; Tanaka, T.; Mori, M.; Hasegawa, H. Production and
characterization of transgenic rice plants carrying a high-affinity nitrate transporter gene
(OsNRT2.1). Breed. Sci. 2009, 59, 237–243.

54. Luo, B.; Chen, J.; Zhu, L.; Liu, S.; Li, B.; Lu, H.; Ye, G.; Xu, G.; Fan, X. Overexpression of a High-
Affinity Nitrate Transporter OsNRT2.1 Increases Yield and Manganese Accumulation in Rice
Under Alternating Wet and Dry Condition. Front. Plant Sci. 2018, 9, 1192.

55. Naz, M.; Luo, B.; Guo, X.; Li, B.; Chen, J.; Fan, X. Overexpression of Nitrate Transporter
OsNRT2.1 Enhances Nitrate-Dependent Root Elongation. Genes 2019, 10, 290.

56. Um, T.Y.; Lee, S.; Kim, J.-K.; Jang, G.; Choi, Y.D. CHLORIDE CHANNEL 1 promotes drought
tolerance in rice, leading to increased grain yield. Plant Biotechnol. Rep. 2018, 12, 283–293.

57. Nakamura, A.; Fukuda, A.; Sakai, S.; Tanaka, Y. Molecular cloning, functional expression and
subcellular localization of two putative vacuolar voltage-gated chloride channels in rice (Oryza
sativa L.). Plant Cell Physiol. 2006, 47, 32–42.

58. Li, C.; Tang, Z.; Wei, J.; Qu, H.; Xie, Y.; Xu, G. The OsAMT1.1 gene functions in ammonium
uptake and ammonium-potassium homeostasis over low and high ammonium concentration
ranges. J. Genet. Genom. 2016, 43, 639–649.

59. Ranathunge, K.; EI-Kereamy, A.; Gidda, S.; Bi, Y.M.; Rothstein, S.J. AMT1;1 transgenic rice plants
with enhanced NH4+ permeability show superior growth and higher yield under optimal and
suboptimal NH4+ conditions. J. Exp. Bot. 2014, 65, 965–979.

60. Hoque, M.S.; Masle, J.; Udvardi, M.K.; Ryan, P.R.; Upadhyaya, N.M. Over-expression of the rice
OsAMT1-1 gene increases ammonium uptake and content, but impairs growth and development
of plants under high ammonium nutrition. Funct. Plant Biol. 2006, 33, 153–163.

61. Bao, A.; Liang, Z.; Zhao, Z.; Cai, H. Overexpressing of OsAMT1–3, a high affinity ammonium
transporter gene, modifies rice growth and carbon–nitrogen metabolic status. Int. J. Mol. Sci.
2015, 16, 9037–9063.

62. Beier, M.P.; Fujita, T.; Sasaki, K.; Kanno, K.; Ohashi, M.; Tamura, W.; Konishi, N.; Saito, M.;
Imagawa, F.; Ishiyama, K.; et al. The urea transporter DUR3 contributes to rice production under
nitrogen-deficient and field conditions. Physiol. Plant. 2019, 167, 75–89.

63. Peng, B.; Kong, H.; Li, Y.; Wang, L.; Zhong, M.; Sun, L.; Gao, G.; Zhang, Q.; Luo, L.; Wang, G.; et
al. OsAAP6 functions as an important regulator of grain protein content and nutritional quality in
rice. Nat. Commun. 2014, 5, 4847.



Nitrogen Use Efficiency in Rice | Encyclopedia.pub

https://encyclopedia.pub/entry/9193 12/12

64. Lu, K.; Wu, B.; Wang, J.; Zhu, W.; Nie, H.; Qian, J.; Huang, W.; Fang, Z. Blocking amino acid
transporter OsAAP3 improves grain yield by promoting outgrowth buds and increasing tiller
number in rice. Plant Biotechnol. J. 2018, 16, 1710–1722.

65. Wang, J.; Wu, B.; Lu, K.; Wei, Q.; Qian, J.; Chen, Y.; Fang, Z. The Amino Acid Permease 5
(OsAAP5) Regulates Tiller Number and Grain Yield in Rice. Plant Physiol. 2019, 180, 1031–1045.

66. Ji, Y.; Huang, W.; Wu, B.; Fang, Z.; Wang, X. The amino acid transporter AAP1 mediates growth
and grain yield by regulating neutral amino acid uptake and reallocation in Oryza sativa. J. Exp.
Bot. 2020, 71, 4763–4777.

67. Fang, Z.; Wu, B.; Ji, Y. The Amino Acid Transporter OsAAP4 Contributes to Rice Tillering and
Grain Yield by Regulating Neutral Amino Acid Allocation through Two Splicing Variants. Rice
2021, 14, 2.

68. Guo, N.; Hu, J.; Yan, M.; Qu, H.; Luo, L.; Tegeder, M.; Xu, G. Oryza sativa Lysine-Histidine-type
Transporter 1 functions in root uptake and root-to-shoot allocation of amino acids in rice. Plant J.
2020, 103, 395–411.

69. Guo, N.; Gu, M.; Hu, J.; Qu, H.; Xu, G. Rice OsLHT1 Functions in Leaf-to-Panicle Nitrogen
Allocation for Grain Yield and Quality. Front. Plant Sci. 2020, 11, 1150.

70. Wang, X.; Yang, G.; Shi, M.; Hao, D.; Wei, Q.; Wang, Z.; Fu, S.; Su, Y.; Xia, J. Disruption of an
amino acid transporter LHT1 leads to growth inhibition and low yields in rice. BMC Plant Biol.
2019, 19, 268.

Retrieved from https://encyclopedia.pub/entry/history/show/21969


